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Introduction
The role of expressiveness in music interaction is one of the basic tenets of the embodied music cog-
nition paradigm. Based on former work on expressiveness in music, current research aims to identify 
links between acoustical features and principles of interaction between musicians (Eerola, Friberg, & 
Bresin, 2013; Fabian, Timmers, & Schubert, 2014). Research also reveals a relationship between musi-
cal expressiveness and gesture (Godøy & Leman, 2010; Leman, 2007;  Molnar- Szakacs & Overy, 2006; 
Shove & Repp, 1995). The enactment of musical expressiveness through gesture may be a core feature 
of a process that enables musically expressive intentions to be encoded as acoustical patterns. Con-
versely, it may also be central to the decoding of acoustical patterns as musically expressive experiences 
(Leman, 2016). The idea that expressiveness can be understood in terms of gestures raises questions 
about the precise role of cognition in embodied musical interactions.
Musical performance draws upon the relationship between planned actions and motor skills. Play-
ing the violin, for example, requires specific technical motor skills that must be controlled in order 
to realize particular expressive intentions. However, the precise role of cognitive resources (required 
for attention, for working memory, etc.) and motor skills (required for rapid movements) in relation 
to musicians’ encoding of musical expression is not very well understood. In short, it seems clear that 
cognitive resources and motor skills are related to one another in planning and focused actions; the 
question is how “cognitive” is embodied music interaction in musical expression?
This chapter provides an overview of recent research on cognitive resources in expressive music 
playing, with a view to identifying future opportunities for research. First, we hypothesize about the 
use of cognitive resources for encoding expressiveness; second, we give an overview of recent work 
that aims at testing the hypothesis; and third, with regards to future studies, we discuss the current 
limitations of the research in this area.
A Hypothesis Requiring Empirical Validation
It has been suggested (Leman, 2007, p. 95) that the “rehearsal of motor actions (e.g., playing arpeggios 
on the violin) is needed in order to automate the motor patterns so that the musician can concentrate 
on the musical  goals— the expressive  intentions— rather than on the gestures of movements.” Along 
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similar lines, Leman (2016) suggests that expressiveness may be hard to automatize completely because, 
during a given musical interaction, it may require constant monitoring of the gestural sensory out-
come. Given that musical expressiveness is enacted gesturally (in the sense that intentions are acted 
out in overt behaviors), timing is essential in any convincing performance, which involves expressive 
intentions on different timescales such as note articulations, note  co- articulations (slurs, staccato), and 
 phrase- related expressive arcs. Our hypothesis is that expressive timing is such a crucial and essential 
factor in performance that monitoring it requires a great many cognitive resources (Bolzinger & Ris-
set, 1992; Furuya & Soechting, 2010; Pfordresher, 2006; Repp, 1999).
From a different perspective, the question is whether musically expressive timing can be fully 
encoded by means of automated motor programs, or whether that encoding requires dedicated cog-
nitive resources. Even when a given performance is mastered technically (e.g., control of finger pat-
terns that execute the arpeggio), it is possible that cognitive resources (e.g., attention) are required to 
monitor the sensory effects and implications of those gestures on different expressive timescales, and 
within rapidly changing interactions. At the same time, we should keep in mind that the rehearsal 
of musical sequences, such as playing arpeggios on the violin, can never be fully disconnected from 
expressiveness. Articulations and expressive arcs can be rehearsed and learned, and it is likely that their 
corresponding expressive gestures can also be brought under the control of dedicated sensorimotor 
schemes. This implies and assures a certain degree of automaticity in their performance. The question, 
therefore, is one of degree: to what extent does the gestural control of expressiveness require cognitive 
resources, even when technical control is fully mastered, and when there is no “pressure” to interact 
with accompanists or other musicians (when playing solo).
To test this hypothesis empirically involves manipulating cognitive load and measuring the effect of 
that manipulation on the musician’s encoding of musical expressiveness (Çorlu, Maes, Muller, Koch-
man, & Leman, 2015). Theoretically, where that encoding relies on cognitive resources, the operation 
of those resources should be affected by additional cognitive load. Conversely, if the encoding does 
not rely on cognitive resources (but on automated motor programs), then the additional cognitive 
load ought not to be influential. In short, the crux of an empirical validation seems to depend on two 
factors: (1) the ability to increase cognitive load during music playing: how can this be done and what 
kind of load can be induced?, and (2) the ability to measure differences in encoded musical expres-
siveness: which differences should we look at and how can they be quantified?
How to Measure Cognitive Load?
“Cognitive load” is based on the idea that the amount of information processed by working memory 
is a load for cognitive processing. This amount of information is limited to seven information chunks, 
plus or minus two (Miller, 1956), although this depends on the ability to chunk (or group) the infor-
mation. A  well- known paradigm for measuring cognitive load is the  dual- task interference paradigm, 
which assumes that interference occurs when two tasks tap into the same cognitive resources. It is 
possible to use this method to investigate the role of cognitive load in musical performance. Several 
recent studies have used this method as a probe to assess cognitive resources relevant to regular tap-
ping (Brown, 2006; Krampe, Doumas, Lavrysen, & Rapp, 2010; Rattat, 2010; Repp & Keller, 2004) 
and music performance (Çorlu et al., 2015; Maes, Giacofci, & Leman, 2015; Maes, Wanderley, & 
Palmer, 2014). In Maes et al. (2014), a  dual- task paradigm is used to investigate the role of working 
memory in the temporal control of cellists’ bowing movements producing regular temporal intervals. 
The secondary task involved a  digit- switch counting task, in which participants were instructed to 
count the number of switches from  odd- to-even and vice versa, in a series of 18 single digits (1–9). 
In Çorlu et al. (2015), the secondary task was based on a modified oddball paradigm, in which the 
participant’s task was to count the number of (infrequently occurring) triangles and circles among 
frequently occurring squares that appeared on the computer screen. In both cases, the secondary task 
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was tested by comparing participants’ counts with the actual number of occurrences provided by the 
stimulus, while playing music. In these studies, it was found that patterns of mutual interference did 
occur between the primary task (expressive timing) and the secondary task (counting), and this can 
be explained by assuming that both tasks tapped into the same cognitive resources. Hence, the study 
of these interference patterns can lead to a better understanding of the control and processing systems 
underlying expressive music performance.
Measuring Musical Expressiveness
Musical performances are said to be expressive, or musical if, among other things, the performer suc-
ceeds in invoking certain responses in the listener (Palmer, 1989). The musical features that evoke these 
responses may refer to parameters such as dynamics (e.g., crescendo or decrescendo), timbre, energy, 
timing, and articulation. Musical expressiveness is also linked to musical structure, which suggests that 
it is generated by a combination of planned cognitive mapping of musical phrases, and  fine- grained 
control of the motor commands that manipulate the musical instrument (see also Fabian et al., 2014).
There are reasons to believe that, above all, the most critical factor in musical expressiveness is 
expressive timing (see also Repp, 1995, 1997). The term “expressive timing” refers to continuous 
modulations of the performer’s tempo, which can be measured in terms of the time intervals between 
successive tone onsets of the recorded performance. However, the term also refers to bodily gestures. 
As mentioned in Istók, Friberg, Huotilainen, and Tervaniemi (2013), expressiveness is central to the 
organization of sound into meaningful units. Expressive timing provides cues about the upcoming 
closing of a musical phrase and the beginning of a new one, and these are crucial in conveying inten-
tionality. A silent pause between musical phrases can therefore also be argued to be part of expres-
siveness because its timing will be of crucial importance to the overall tempo (Palmer, 1989). The 
duration of the pauses between musical phrases can be easily measured and compared with respect to 
the duration of the musical phrases.
Findings and Explanations
The timing of pauses can be considered to be a main aspect of musical expressiveness (see also Palmer, 
1989). Çorlu, Muller, Desmet, and Leman (2014) and Çorlu et al. (2015) found that the duration of 
pauses is affected by additional cognitive load during music playing, while musical phrases are less 
affected. Pauses tended to be shorter in the cognitive load condition, as did the phrases, although 
relatively speaking, the reduction in the duration of the pauses was greater than that for the phrases. 
Therefore, it was assumed that these pauses rely on cognitive resources to a greater extent than the 
musical phrases that they articulate. That the phrases themselves were less affected seems to indicate that 
their timing may be controlled by sensorimotor processes, whereas during pauses, musicians rely to a 
lesser extent on sensorimotor control and information. Çorlu et al. (2014) found that other expressive 
parameters such as dynamics were affected as well, although these were not consistent across pieces.
Explanations for these results might be based on known facts about timing under cognitive load 
and also on insights into the timing control and coordination of motor activities: the former suggests 
that motor activity is speeded up, whereas the latter that timing can be based on embodied or cogni-
tive timer mechanisms.
Cognitive Load Speeds Up
Baddeley (1966) described working memory as a process by which information is stored and pro-
cessed. The tendency to speed up under heightened cognitive load is a typical effect, observed in 
numerous experiments investigating timing production (Krampe et al., 2010; Rattat, 2010). It can 
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be explained by  memory- based models of estimated time duration, such as Ornstein’s  storage- size 
hypothesis, that states that the experience of duration is related to the amount of information to 
be stored: as the volume of information increases, so does the perceived duration (Ornstein, 1969). 
Accordingly, heightened  cognitive- load situations tend to lead to the overestimation of interval dura-
tions, and correspondingly (in musical performance) to the production of shorter temporal intervals. 
A cognitive timekeeper is highly vulnerable to cognitive overload, and is therefore relatively inefficient 
in situations that require heightened cognitive load. This idea is consistent with the results observed in 
Çorlu et al. (2014), Maes et al. (2014), and Maes et al. (2015), where dual tasks were used to interfere 
with musical performance.
Event-Based Versus Emergent Timing
One—traditional—idea about temporal tracking is that the human brain uses a dedicated internal 
brain clock. The most influential account of this “timekeeper” approach is the  pacemaker- accumulator 
model (Gibbon, 1977). In this model, a clock or pacemaker emits pulses that enter an accumulator via 
an  attention- controlled switch. The number of accumulated pulses is stored in working memory and 
compared with a criterion interval in reference memory.
However, modern research also suggests an alternative account, in which perceptual and motor 
systems guide the temporal control of body movements through interaction with the external envi-
ronment (Hopson, 2003; Ross & Balasubramaniam, 2014). In the course of coordinating body move-
ments, (repeated) patterns of spatial trajectory and energy expenditure (e.g., muscle contractions/
relaxations) arise that can be used to create a continuous time “index.” Accordingly, it is suggested 
that temporal control may emerge from the control of movement itself, without the need for a central 
timekeeper. This “emergent” timing approach is supported by empirical research on the mechanisms 
underlying the temporal control of continuous and discrete rhythmic movements, and in turn, a dis-
tinction is made between an  emergent- based timing and an  event- based timing (Delignières, Lemoine, & Torre, 
2004; LaRue, 2005; Torre & Balasubramaniam, 2009; Zelaznik, Spencer, & Ivry, 2008).
Other research, focusing on the role of sensory information in timing production tasks, suggests 
that sensory information from the external environment and  self- generated sensory feedback may 
contain cues that guide temporal behavior more or less directly (Rodger & Craig, 2011; Varlet, Marin, 
Issartel, Schmidt, & Bardy, 2012). By repeated experience and general (associative) learning mecha-
nisms, people learn to derive time indexes from patterns of change in sensory information (Addy-
man, French, Mareschal, & Thomas, 2011). Correspondingly, proper timing may then be realized by 
“anchoring” muscle activation to these sensory patterns (Maes et al., 2015).
In short, we may assume that expressive timing in music performance is based on individuals’ con-
trol of timing. The two basic models to be considered here are cognitive and embodied. The cognitive 
timing model is based on events generated by an internal clock mechanism (event-based timing); the 
embodied model is based on (external) interactions between bodily movements and environmental cues.
A Model of Cognitive and Sensorimotor Resources for Expressiveness
Figure 7.1 gives a summary of a model that could explain findings on expressive music performance. 
The model defines two control processes underlying timing and temporal coordination in expressive 
music performance. One relies on sensorimotor (or  perceptual- motor) resources, using forward pre-
diction models and emergent timing (grounded in bodily dynamics) as a basis for controlling musical 
phrases and tone production. The other takes cognitive resources (attention and working memory) as 
the basis for control. The latter is disturbed when performers are confronted with an additional cognitive 
load, which taps into the same resources required for performance. Therefore, depending on the speci-
ficities of the musical piece, performer, and context, both processes work in interaction with each other.
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The model depicted in Figure 7.1 assumes that the effect of rehearsing is that playing gestures 
become partly automated because they are controlled by forward predictive models (Leman, 2016, 
chapter 6; Maes et al., 2015; Wolpert, Diedrichsen, & Flanagan, 2011). Automated gestures consume 
fewer cognitive resources than do  non- automated ones because they are governed by sensorimotor 
schemes that control motor activity continuously, until motor activity is checked (hence, forward 
predictive models). Accordingly, prediction errors are only calculated at particular points with a view 
to adapting the sensorimotor schemes and their desired action outcomes. The prediction error is the 
difference between the expected motor outcome and the actual motor outcome. The important point 
here is that actions controlled by sensorimotor schemes can be executed automatically until verifi-
cation is needed, at which point a prediction error might be identified, requiring a newly adapted 
forward predictive model. This adaptation is assumed to happen on a discrete basis, as the forward 
predictive models ensure the execution of actions “in the dark,” for a short time at least. The main 
point is that due to sensorimotor schemes, gestural control requires far less cognitive resources than 
when gestures would need continuous updating.
Maes et al. (2015) found evidence that gestures can evoke either an emergent or an  event- based 
timing principle depending on whether the articulation is legato or staccato. In staccato articulation, 
there are moments where the body does not move very much. Thus, it seems that a cognitive counter 
comes into play, maintaining the appropriate time intervals between staccato articulation onsets. This 
idea is supported by the observation that regular timing is disturbed when an additional cognitive 
load task is applied. The model in Figure 7.1 suggests that articulation can be controlled either by 
emergent or  event- based timing principles.
Çorlu et al. (2015) found that pause durations were significantly shorter in the presence of addi-
tional cognitive load, whereas phrase durations did not differ significantly. Therefore, we suggest that, 
generally speaking, musical phrasing is based on emergent timing, whereas passages requiring more 
counting (e.g., notes or pauses with longer durations) are affected most by the introduction of an 
additional cognitive load. In short, it seems that aspects of expression in which gesturing (or embodi-
ment) is less important require more cognitive resources in terms of timing.
Embodied Interactions Versus Cognitive Resources
On the basis given above, we assume that additional information (over and above that which is given 
in the score/part and its acoustical realization) is available in musical performance, which strengthens 
the estimation of elapsed time against cognitive loading. A good candidate for the reference point for 
this information is a musician’s body: The constraints imposed by performance on the biophysical 
Forward prediction model 
Emergent timing 
Control of phrases 
Legato articulation 
Control of pauses 
Staccato articulation 
Expressiveness 
Attention, working memory 
Event-based timing 
Sensorimotor resources Cognitive resources 
Figure 7.1 Model of cognitive and sensorimotor resources for musical expressiveness.
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properties of arms, hands, and fingers are not cognitive. More or less constant bodily properties, such 
as how fast a finger can move, can provide musicians with an unconscious frame of reference for 
duration. This is in line with Gabrielsson (1999), who described how “the motor system itself acts as 
timekeeper by translating a given interval into a movement trajectory with the corresponding dura-
tion.” Moreover, at the point of performance,  well- practiced  sound- producing gestures have likely 
reached an optimal set of spatiotemporal characteristics. Moreover, these  sound- producing gestures 
are further supported by  sound- accompanying gestures (Jensenius, Wanderley, Godøy, & Leman, 2010), 
which further constrain the (temporal) information that could arise from the musicians’ playing. 
These embodied constraints, governed both by the purely biophysical properties of the body, as well 
as by the way a musician has practiced the movements, can provide a robust frame of reference that a 
musician can use to estimate elapsed duration.
A number of recent empirical studies (Çorlu et al., 2014, 2015; Maes et al., 2015) seem to sug-
gest that motor actions in music performance imply a spatiotemporal deployment that can be used 
as a reference for perceiving elapsed time. We assume that during pauses (between musical phrases or 
between tone onsets) this reference disappears to a large extent, making time estimation more vulner-
able to the effects of cognitive load and other mechanisms such as stress (i.e., subjective time percep-
tion may rely on a range of different cognitive and emotional processes). Notably, stress and anxiety 
may also increase cognitive load, affecting the musicians’ perception of duration:  Bar- Haim, Kerem, 
Lamy, and Zakay (2010) indicate that anxious individuals’ subjective experience of time moves more 
slowly than that of  non- anxious individuals.
The findings mentioned seem to suggest that, under an additional cognitive load and without a 
reference point (i.e., playing/gesturing), participants experience pauses as longer. The fact that the 
perceived duration increases in both conditions could indicate that cognitive load is a useful tool 
for studying performance stress. In the  post- experiment questionnaire of Çorlu et al. (2015), musi-
cians reported that during their concert performances they felt the need to accelerate during pauses 
between musical phrases. It is of relevance here that when performers start a musical phrase (be it a 
continuation or a new beginning), they find it essential to breathe and prepare for its musical intention 
and expression. If this preparation time is shortened, there may be a direct effect on respiration, as well 
as on expressiveness during performance.
In parallel with this argument, a case study by Kochman, Demey, Moelants, and Leman (2011) on 
singing performance found consistent differences in breathing between rehearsal and public perfor-
mance. In this specific case, the singer’s pauses were shorter when performing to an audience, whose 
presence was believed to explain the dramatic change in the expressiveness. In questionnaires that 
accompanied the studies of Çorlu et al. (2014) and Çorlu et al. (2015), participants claimed that 
they could have played better if they had more practice. Moreover, they reported that the secondary 
task condition was potentially useful for their practice, as a means of foreseeing potential mistakes 
in advance of actual performance (concerts and/or competitions). This may suggest that relatively 
difficult sections or phrases of a piece could be more obvious or perceivable for the musicians in a 
 dual- task environment. From an educational psychology point of view, further studies might reveal 
valuable outcomes, such as new practicing paradigms for learners with which they can test their per-
formance quality.
A final point regarding Çorlu et al. (2014, 2015) concerns the common mistakes made by musi-
cians in the  dual- task conditions. Besides making significantly shorter pauses, some musicians tended 
to play a single note or a short  sub- phrase repeatedly as if they were stuck into a loop, an effect that can 
be referred to as “musical stuttering.” In fact, this does not have an effect on the length of the played 
phrases. Involuntarily repeated notes in music with a high  working- memory load can be understood 
in relation to research on the role of working memory in various communication disorders. The sus-
tained interest in phonological encoding and  attention- related processes in musical stuttering provides 
a rationale for exploring the extent to which phonological and  attention- based  working- memory 
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elements are involved in such disorders (Bajaj, 2007). In the present study, increased  working- memory 
load resulted in  stutter- like playing in half of the participants.
Çorlu et al. (2015) worked with professional opera  singers— musicians who are especially 
acquainted with conditions of heightened cognitive load. Their performance involves not only a 
musical component but also acting, in relation to other musicians and an audience. Hence, it is 
assumed that this category of musician develops timing strategies that capitalize on  perceptual- motor 
abilities as an alternative to cognitive resources; theoretically, opera singers ought to be less affected 
by cognitive load than other musicians. Thus, if  cognitive- load effects can be found in opera singers, 
it is likely that similar effects can also be demonstrated in other categories of musicians who are less 
acquainted with  cognitive- load conditions.
Limitations and Future Work
The work reported in this chapter deals with aspects of cognitive functioning in skilled musicians. 
They form an interesting population for research, because their expertise depends on the engagement 
of their imagination, sensitivity, awareness, musical intelligence, instrumental technique, and of course 
of their cognitive abilities during different  cognitive- load tasks such as attention demand. Although 
an  extra- musical counting task seems to function relatively well as additional cognitive load, future 
research should investigate further whether different music/performer-related tasks are more reliable. 
After all, counting  extra- musical objects while playing is a rather contrived activity that is  rarely— if 
 ever— carried out by performing musicians. Furthermore, the observed effect size in timing is small, 
meaning that more elaborate studies are needed to confirm and verify the preliminary results obtained 
so far. In that sense, we believe that the experiments conducted so far should be expanded by future 
studies with larger groups. Further consideration of the role of embodiment in short pauses would 
also be of interest, as it seems that their durations are less affected than those of long pauses. An 
explanation is that short pauses are used for breathing, where longer pauses require additional count-
ing. These findings may provide a basis for educational applications in which musicians might train 
themselves to cope with cognitive load.
Conclusion
When cognitive load is added to the performance of a  well- practiced musical piece, fewer cognitive 
resources are available for the encoding of expressiveness than were previously. As a result, control 
over that encoding process is affected, potentially leading to a less expressive performance. On the 
other hand, automated technical gestures (e.g., correct playing of notes and their durations) basically 
remained unaffected, while the music was played in a less expressive way during the counting task. 
This finding is consistent with the idea that technical skills are controlled by sensorimotor programs 
that require less continuous feedback monitoring.
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